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INTRODUCTION 


A KNOWLEDGE of the area occupied by an individual animal in a popu- 
lation is of high ecologic interest. The area occupied affects pop- 
ulation density, competition between individuals, reproductive success, 
utilization of food and other resources, social organization, relations 
between species, and other features of community dynamics. 

In recent years numerous studies have been made of the home ranges 
of certain kinds of animals, and various methods have been developed 
for measuring home-range area (Burt, 1940; Blair, 1940; Dice, 1951; 
Haugen, 1942; Hayne, 1949). Most of these methods have assumed a 
more or less rigid boundary for each home range. It is recognized 
that an individual may sometimes be found at a considerable distance 
outside its usual home range, but it is almost impossible to decide 
which records are "unusual" and which are regular. The statistical 
treatment of the records has consequently been difficult. 

To replace the idea that each home range has a fixed boundary, if 
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only this boundary could be ascertained, Hayne (1949) has introduced 
the concept of a "center of activity" and has considered the probability 
of capturing an animal at various distances from this center. In gen- 
eral, the greater the distance from the center of activity, the lower is 
the probability of capturing the animal. Aside from the presence of 
physical barriers, however, there exists no boundary beyond which a 
given animal may not pass. If an animal has no fixed limits to its 
wanderings, the attempt to ascertain home-range boundaries or home- 
range areas is futile. 

We here utilize Hayne's concept of home range, and we extend this 
concept by suggesting a more precise and a more general method for 
estimating the probability associated with any specified distance from 
the center of activity. 

We are jointly responsible for developing the concepts here used and 
have collaborated in writing the paper. We are indebted to Professor 
C. C. Craig, of the University of Michigan's Statistical Research Lab- 
oratory, for critically reading the manuscript. 


GENERAL CONSIDERATIONS 


As an animal travels over its home area it occupies an infinite num- 
ber of positions, which may be called "activity loci.'' For any given 
period of time there exists for these loci (in two-dimensional Cartesian 
space) a geometric center, the "center of activity" of that animal. The 
distance between an activity locus and the center of activity may be 
called the "activity radius."" In order to estimate the probability that 
an activity radius taken at random for a given individual will exceed a 
certain value, it is necessary to have a random sample of that individ- 
ual's activity loci. ‘ 

The activity loci successively occupied by a diurnal animal in its 
movements over its home range can often be ascertained by direct ob- 
servation. A random sample of its activity loci can consequently be 
obtained by recording its position at random instants of time. Records 
of activity loci taken at regularly spaced instants, however, should 
give a sufficiently close approach to a random sample for all practical 


opened providing the various loci are essentially independent of one 
another. 


STATISTICAL TREATMENT OF RECAPTURE RADII 


For many species of animals it is impractical to ascertain the ac- 
tivity loci in any way other than by the retrapping of marked individ- 
uals. For securing information about the movements of such animals 
a grid of traps may be extended over an area sufficiently large to in- 
clude all the activity loci of at least one individual. The presence of 
the traps, however, modifies the movements of the animals to some 
extent, so that the activity loci and the center of activity ascertained 
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from trapping records may not be fully descriptive of the movements 
over its home range of an uninhibited animal. 

The following discussion will be restricted to a consideration of the 
distance between a given recapture locus and the geometric center of 
all the recapture loci which are recorded for a particular grid of traps 
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Fig. 1 Trap positions and recapture loci for adult female No. 1122, Peromyscus 
maniculatus bairdi, during October, 1951, on old-field study plot, E. S. George Re- 
serve, Livingston County, Michigan. The cross marks the location of the recapture 
center. Distance between traps is 20 yards. 


for a given individual. For brevity this distance is called the ''recapture 
radius.'' The geometric center of the recapture loci is termed the 
"recapture center.'"' These statistics are related to but differ some- 
what from the respective center of activity and activity radius of the 
individual concerned. It should be pointed out that the various recap- 
ture radii for an individual are not independent of one another, since 
each recapture radius is a function of the recapture center. Accordingly, 
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some small adjustment in the degrees of freedom for the variance of 
the recapture radii should probably be made (Fig. 1). Such an adjust- 
ment, however, has not been attempted in this paper. 

Should an animal have been captured only once, its recapture radius 
is necessarily zero. Such a datum provides information concerning 
the activity center, but gives no information concerning the recapture 
radius of the individual. Consequently, in studying recapture radii it 
is useful to utilize only data including two or more captures of the 
same marked individual. 

No upper limit can be assigned to a recapture radius, except that 
which is imposed by the dimensions of the trap grid; but the minimum 
value is always zero. Accordingly, if the grid is large enough to in- 
clude completely the travels of an individual animal, it will not be 
surprising if the frequency distribution of the several recapture radii 
is positively skewed. Since the area of any circle of radius R is 7 R?, 
the number of traps available in a circular area of radius R® is pro- 
portional to R, provided that the traps are equally spaced over the area; 
and this fact might also operate to produce a positively skewed distri- 
bution. Such considerations suggest that a square-root transformation 
might normalize the distribution of the recapture radii. At any rate, 
such a transformation might be expected to reduce the skewness suffi- 
ciently to enable the data to be used with the tabulated part of Pearson's 
type III probability distribution. 

Let r be the recapture radius and let T be some transformation 
(such as the square-root transformation), which, when applied on r, 
produces a variable, X, distributed according to Pearson's type III 
probability function. Thus: 


Tr =X (1) 


and 
-1 oe 
TX ‘= Yr, (2) 


where T" is the inverse of the transformation T. For Pearson's 
type III function: 


c= (3) 


whence 


€ =OC +H, (4) 


where UL and 0 are the mean and standard deviation, respectively, of 
the population of X's, c is the standard variate of the Pearson type Ill 
distribution, and € is any specified value. 

If 4 and o were known, one could calculate, from equation (3) and a 
table of Pearson's type III distribution (with the proper skewness), the 
probability that a randomly chosen X would be less thane. By 
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using equation (4) together with the probability tables that value ¢ 
which is greater than a given proportion of the X's could be calculated. 
Having accomplished this, one could apply T” on X to obtain equivalent 
statements for r. In reality, however, neither nor o can be known. 
These parameters can only be estimated. Consequently, from equation 
(3) one can only estimate the probability that a randomly chosen X will 
exceed a specified value € , and from equation (4) one can only esti- 
mate that value € which is exceeded by a given proportion of the X's. 
As the samples become larger the estimates improve, so that for sam- 
ples of fair size, over 30, for example, the estimates of u and o may 
be fairly close to the actual parameters. For samples of such size, 
formulas (3) and (4) will provide acceptable and useful estimates of the 
probabilities and distances desired. 

Although the preceding statements concern only the recapture radius 
of a particular individual, they may be generalized to treat the recap- 
ture radius of a population of individuals. For this purpose at least 2 
recaptures per individual are required for a number of animals. When 
one individual is concerned, an attempt is made to ascertain the proba- 
bility that a capture taken at random from the total number (>1) of cap- 
tures available for that individual will be at a distance greater than r 
from the recapture center of the individual. On the population level we 
are concerned with the probability that a random capture of an individ- 
ual taken at random from the total number of individuals available in 
the area will be at a distance greater than r from that individual's re- 
capture center. Thus, if the area contains individuals I,, IL, ....], 
; .I, , and if for individual I; the probability that a random capture 
will exceed a distance r from that individual's recapture center is p; , 
then the probability that a random capture of a random individual will 
be greater than r from the individual's recapture center is: 


It is the value of P which is sought for the population of animals. Un- 
fortunately, the data available are usually too meager to permit accu- 
rate estimation of the p,;, and in such cases P cannot be ascertained by 
the rigorous method outlined above. We believe, however, that a rea- 
sonable approximation to P can be obtained by simply pooling all of the 
recapture radii obtained from the population and obtaining estimates of 
uw and go from this pooled sample. We recognize that the validity of this 
procedure depends upon the assumption that the recapture radii for all 
of the animals form a single universe, which assumption we know to be 
not quite true. Nevertheless, this procedure has been followed in our 
study, in the belief that the error introduced by it is not appreciable. 


6 DICE AND CLARK C.L.V.B. 
APPLICATION TO TRAPPING RECORDS OF THE DEERMOUSE 
To illustrate these ideas we have applied them to a set of trapping 
records of the prairie deermouse (Peromyscus maniculatus bairdi) 
from an old-field community on the Edwin S. George Reserve in south- 
ern Michigan. The trapping records have been kindly furnished to us 


by Francis C. Evans. A 10x17 matrix of traps, spaced 20 yards 
apart, was extended over this area. Each day the traps were checked 
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Fig. 2 Frequency histogram of Square roots of reca i i 
pture radii (1/2 distance be- 
tween traps added to each recapture radius) in units of trap spacing (=20 yards); 
adults of Peromyscus maniculatus bairdi; during October of the four years 1948-51; 
on E. S. George Reserve, Livingston County, Michigan. ‘ 
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and each captured animal was marked, released, and its location re- 
corded. This procedure was carried out for from 6 to 12 days in 
October of each of the four years 1948-51, inclusive (Fig.2). Animals 
captured in peripheral traps were omitted from this study. During 
these periods 37 animals were captured two or more times, and a 

total of 185 recaptures was obtained. For each animal which was cap- 
tured twice or oftener the geometric center of capture and the distance 
r of each capture from this center were calculated. In this manner 185 
recapture radii were obtained. The square-root transformation was 
applied on r to produce a variable X (Table I). That is: 


X =(r+1/2)4. 


The 1/2 is added to each r before taking the square root as a correction 
for continuity (Kenney and Keeping, 1951, p. 253). Fisher's g statistics 
were applied to X in order to ascertain whether the distribution of the 
X's is nonnormal. The following results were obtained: 


£1 
g, = .400 Og = .179 Eh Ae 
(oy 
£1 
Be 
g. = -.093 oc. = .356 =-0.3. 
2 0 
82 


It is seen that although g, differs significantly from 0 at the 5 per cent 
level, indicating positive skewness, g, does not so differ, indicating an 
absence of kurtosis. Consequently, an attempt may be made to fit X 
to the Pearson type III distribution. It is found that = 1.374, 

0 = .315, and a, = .400. ‘Consequently, the deviation from the 
mean in units of o is: 


€ -1.374 
.315 


This provides an estimate of the probability that a randomly chosen ».4 
will be less than any specified value €, and the equation € = .315c 

+ 1.374 will give an estimate of that value € which is greater than a 
proportion P of the X's. For illustration the estimation of those values 
which are exceeded, respectively, by 25 per cent and 50 per cent of the 
X's will be described. From page 18 of Carver's tables (1940) it is 
found by interpolation for a, = .4andP = . 250000 that c (called t in 
Carver's notation) = -—.706. Thus, inthis case € = (.315) (¢. 706) 

+ 1.374 = 1.15. For a, = .4andP = .500000, it is found on page 


20 that c = -.067, whence e€ = (.315) (-.067)+1.374 = 1.35, and so 
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TABLE I 


Transformed recapture radii for the prairie deermouse. 
Square-root transformation of distance of each recapture center 
of that individual, in units of space between traps. 


R 
Class and ecapture Order 


Individual 


1948 
Adult 99 
0004 : : ‘ : 
0023 : A : ‘ 
Adult oo . 
0005 : - : : > 1.51] 1.81) 1.14 
0003 : : : : 5 1.66] 1.27] 2.00] 1.76 
0015 ; : : 3 : : < = 
Juvenile 29? 
0022 ; : 
0021 A ; “i 
0002 : : 5 . 1.46} 1.13] 1.59] 1.76 
Juvenile do 
0024 : - 
0020 ; ; ‘ : 
1949 
Adult 99 
0043 , : : 
0044 ; ; ; : 
0034 : : ; : ; - 
Adult oo 
0041 ‘ 2 : : 
0040 : ; ; : ; cs 
Juvenile 99 
0042 ; ; : : 2 
1950 
Adult 99 
0114 é ‘ : 
1030 : 5 2 
0123 : : . t 
1000 : ; F : 
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TABLE I (Cont.) 


Class and Recapture Order 

Individual 1 

Number 7 fa] 11 
Adult oo” 


0113 
0041 


Juvenile 2? 
1034 
1032 
1025 
0042 
0122 
1024 


1.35 
1.55 
1.33 


Juveniledo 
1031 
1033 
1024 


1951 
Adult 99 


1132 
1131 
1135 
1120 
1122 


.90} 2.41 ]1.29 |1.55|1.05)/1.76| 1.45 
.56| 1.11 |1.38 |1.38 /1.68)1.19)1.11/1.48 


Adult oo 
1124 


forth. Thus, if P denotes any selected probability it is found that: 


(K<1.15) = .25 
(KX <1.35) = .50 
(K<1.57) = .75 
(X<1.93) = .95 
(K<2.20) = .99 


Poo 0 
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Subtracting 1/2 from X? gives the following statements for the recap- 
ture radius (r): 


Pi (r< 82) =: 20 
P(r <1, 32) = <200 
P(r <t..96)2 72 
P(r ©3722) = 295 
P-(r-<.4, 84) = 740 


Similar estimates may be made for any other probability. 

In the equations given above r is expressed in units of 1 trap space, 
that is, 60 feet, since the traps were spaced 60 feet apart in the grid. 
These equations allow the prediction that 25 per cent of the recaptures 
of the prairie deermouse from this grid will be less than 49 feet (i.e. 
.82 x 60) from the recapture center of the captured individual. Like- 
wise, it can be predicted that 50 per cent of the recaptures will be less 
than 79 feet from the recapture center; 75 per cent of them will be less 
than 118 feet from this center; 95 per cent less than 193 feet; and 99 
per cent will be less than 260 feet from it. 

It can also be estimated that 25 per cent of the recaptures will be in- 
cluded in a circular area of 7605 square feet (3.1416 x . 82? x 60?) which 
is symmetric about the recapture center of the captured individual; 50 
per cent of the recaptures will be included in a circular area oi 19706 
square feet symmetric about this center; 75 per cent within a circular 
area of 43448 square feet; 95 per cent within an area of 117, 264 square 
feet; and 99 per cent within an area of 213,026 square feet. But these 
statements do not in any way imply that all parts of any circular area 
are equally occupied. It would certainly be desirable to know a great 
deal more about the movements of an animal than is provided in the 
statements given above. Nevertheless, these statements provide some 
useful information about the movements of the animals in question. 
Detailed statements will probably have to await more data. 

It might be pointed out that the absence of platykurtosis in the pooled 
data suggests the validity of the assumption that these animals have no 
fixed home-range boundaries. Should there be a physical barrier to 
movement in one or more directions from the center of activity of an 
individual animal, this would be expected to result in limitation of the 
recapture radii in that direction or directions. Likewise, if the animals 
defend territories, their movements would be to that extent restricted 
and their recapture radii limited. In either case the result should be 
the occurrence of a certain amount of kurtosis in the frequency curve 
for the recapture radii. The absence of such kurtosis in our measure- 
ments indicates that home ranges of the prairie deermice on the trap- 
ping plot under consideration are not limited either by physical barriers 
or by territorial defense. 

In order to ascertain how well the pooled data fit the Pearson type 
III distribution, a X? test of goodness of fit was applied to them, using 
oO = .315, p = 1,374, a, = .40, and appropriate values of c. Par- 
titioning the data into 15 classes resulted in a X? of 20.28, which, at 
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the 5 per cent level, indicates significant heterogeneity. The existence 
of this heterogeneity suggests the desirability of investigating the ef- 
fect of various factors upon the recapture radius. 


RELATION OF CERTAIN FACTORS TO RECAPTURE RADIUS 


Although the distribution of X is not normal at the 5 per cent level, 
it is considered that normality is approached sufficiently closely to 
enable a series of one-way analyses of variance to be applied to it. 

The X's were first classified according to the years 1948, 1949, 
1950, and 1951. A one-way analysis of variance reveals that the means 
of the X's for the various years do not differ significantly from one an- 
other at the 5 per cent level. 

The 185 X's were next classified according to whether they pertained 
to oo or to 99. The mean of the X's for the o’o’ was 1.41 trapping units, 
and for the 99, 1.35 trapping units; but the difference between the means 
of the 2 sexes is not significantly different from 0 at the 5 per cent level. 

The X's were also classified according to age class, i.e., juvenile 
and adult. The mean of the X's for juveniles was 1.31 trapping units, 
for adults 1.41 trapping units; and the difference between these 2 means 
is significantly different from 0 at the 5 per cent level. Because the 
poor fit of the pooled data to the hypothetical distribution might be the 
result of combining juveniles with adults, these 2 age classes were now 
separately fitted. For juveniles 9 = .249, » =1.312, and a, = .26. 
Partitioning them into 9 classes gave a X? of 4.38, for which .30<P 
<.50, indicating a satisfactory fit. For adults 9 = .343, MH = 1.408, 
and @, = .29. Partitioning the adults into 11 classes resulted ina 
X? of 7.57, for which, as with juveniles, .30<P<.50, likewise indicating 
a satisfactory fit. It would appear desirable, therefore, to make esti- 
mates for juveniles and adults separately, whenever the data are suf- 
ficiently numerous to do so. Thus for juveniles: 


| oes = ,2658 
e[F <i] - #8 
[Eckel] = om 
P(e <sga| = 2008 
Be le< as) os: 0 
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and for adults: 


p ez real = 2326 
p E < ae = .A511 
Pp 2 < ma = .6942 
p E < ee = .9290 
p iz < ee = 9838 


By taking the weighted mean of the juveniles and the adults for each 
of the above categories the following equations are obtained: 


P [E<traa| 2 > oes 
p [Ft 38| eerie 
m [F< tite [eee eas 
|e are ease 
P[R <im] = 9 


which results agree closely with those obtained from the pooled data. 
The X's were finally classified according to whether the individual 
to which they pertained was captured a total of Bs. Sy. itin sks beck Re 
An analysis of variance on this classification shows that the mean value 
of X for some of these categories differs significantly, at the 1 per cent 
level, from the mean value of X for other categories. Those animals 
captured fewer than 5 times had soméwhat smaller recapture radii than 
those captured a greater number of times. It was suspected that this 
result might be caused by the fact that, in general, the more times an 
animal was caught, the greater the time interval between the first and 
last capture. If each individual's center of activity is absolutely fixed, 
and if the time interval between captures is sufficient to ensure that the 
positions of successive captures are essentially independent of one an- 
other, then the interval between the first and last capture should not 
bias the recapture radius. But if, as seems more likely, an individual's 
center of activity shifts somewhat with time, or if the interval between 
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captures is so small that successive captures are not independent of 
one another, then one might expect the mean recapture radius to in- 
crease with the interval between captures. It was found that the inter- 
val between the first and last captures varied from 1 day to 15 days. An 
analysis of variance reveals a significant relationship, at the 5 per cent 
level, between the recapture radius and the interval between the first 
and last captures. Consequently, it would be most desirable if all of 

the data were uniform in this regard. If, however, only those records 
which were collected over a constant time interval were used, the data 
would be so greatly reduced that the final result would probably be less 
accurate than that obtained by pooling all of the recapture radii based 
on two or more captures. 

It should be emphasized that any statements about recapture radii 
must apply only to a particular kind of animal in a particular location 
during a specified period, or periods, of time, and captured in a par- 
ticular trap grid. The effect of variation in these factors upon the re- 
capture radius can be learned only by experimentation. The effects of 
variation in year and likewise the effects of age class and of sex have 
been considered briefly. It would be interesting also to compare data 
from different localities. An especially interesting question is the ef- 
fect of different trap spacings on the recapture radius. Hayne (1950) 
has found that the mean recapture radius of male meadow voles (Mi- 
crotus) increases with the distance between traps, but such a relation- 
ship was not observed for the females. It seems certain that the dis- 
tance between traps will influence the recapture radius, since if the 
traps are very far apart nearly all of the recapture radii will be zero; 
if the traps are quite close together they may hinder the movements of 
the animals to a great extent, thus perhaps reducing the recapture 
radius. But these matters require further experimental investigation. 

Although our interest has been more in activity radii than in recap- 
ture radii, from the data available all of our knowledge of the former 
must be derived from the latter. It is likely that the mean activity 
radius is about 1/2 of a trap space greater than the corresponding mean 
recapture radius, since an animal probably wanders farther from its 
center of activity than the most distant trap in which it is caught, and it 
is probable that X? is a better estimate of the activity radius than is r. 
It should be re-emphasized, however, that nothing whatever can be 
learned from these data about the activity radii of animals which have 
not been influenced by the presence of traps. 


SUMMARY 


In the statistical concept of home range each animal is assumed to 
have a center of activity but no fixed outer limits to his range, except 
such as may be imposed by physical or biological barriers to his move- 
ments. In general, the greater the distance from his center of activity, 
the lower is the probability of the occurrence of that individual. 

An "activity locus" is defined as one of an infinite number of points 
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occupied by an animal in its movements over its home range. The 
"center of activity" is the geometric center of all of the activity loci. 
The distance between an activity locus and the center of activity for an 
individual is called an "activity radius."" A “recapture locus" is de- 
fined as one of a finite number of points at which an animal is captured, 
and the "recapture center" is the geometric center of all of the recap- 
ture loci. The distance between a recapture locus and the recapture 
center is a ''recapture radius." 

These concepts are applied to the records of recapture of marked 
prairie deermice (Peromyscus maniculatus bairdi) on a grid of traps 
spaced at 60-foot intervals over a relatively uniform habitat on the 
Edwin S. George Reserve in southern Michigan. The square-root 
transformation, when applied to the several recapture radii, produces 
a variable, X, whose frequency distribution does not depart greatly 
from normality. Analysis of variance on the transformed variable, X, 
reveals no significant differences in mean recapture radii for the years 
1948, 1949, 1950, and 1951. Males have a somewhat greater recapture 
radius than females, though the difference is not significant at the 5 per 
cent level. The recapture radius of adults is significantly greater at 
the 5 per cent level than that of juveniles. By use of Pearson's type III 
probability function it is estimated that of the recaptures of the prairie 
deermouse under the trapping conditions specified, 25 per cent will be 
within 49 feet of the recapture center, 50 per cent within 79 feet, 75 
per cent within 118 feet, 95 per cent within 193 feet, and 99 per cent 
within 260 feet. 
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